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HIGH STRAIN RATE PROPERTIES OF ANGLE-PLY COMPOSITE LAMINATES

ABSTRACT

Angle-ply graphite/epoxy and graphite/S-glass/epoxy laminates were

characterized in uniaxial tension at strain rates ranging from quasi-static

to over 500s-l. Laminate ring specimens of [±1512s, [±22.532s, (±3012s,

[±452s,•-Lt601 2 s, [±6 7 . 5j2s and [±7512s layups were loaded under Internal

pressure. Results were presented in the form of stress-strain curves to

failure. Properties determined included moduli, Poisson's ratios, strength,

and ultimate strain. In all seven laminates for the two materials tested

the modulus and strength increase with strain rate. The effect of strain

rate varies with layup, being lowest for the fiber dominated (±1512s laminates

and highest for the matrix dominated [±7512s laminates. The highest increments

over the static values are 10% to 25% for the [±1 5 1 2s layup and 200% to 275%

for the [±7512s layup. Ultimate strains do not show any significant trends

with strain rate. In almost all cases the ultimate strain values are within

±20% of the mean value and in half of the cases the deviations from the mean

are less than 10%.
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HIGH STRAIN RATE PROPERTIES OF ANGLE-PLY COMPOSITE LAMINATES

1. INTRODUCTION

In Part I of this report methods were described for testing and charac-

terization of composite materials at strain rates ranging from quasi-static

to over 500s- . Three unidirectional materials were characterized: SP288/T300

graphite/epoxy, SP288/AS graphite/epoxy, and 80AS/20S/PR288 graphite/S-glass/

epoxy.

It was found that the longitudinal modulus increases moderately with

strain rate by up to 20%, but the longitudinal strength and ultimate strair

did not vary much. Transverse modulus and strength increase sharply with

strain rate, reaching values up to three times the static value. The in-plane

shear modulus and shear strength increase noticeably with strain rate by up

to approximately 65%. In all cases, it was found that ultimate strains did

not vary with strain rate in any significant manner.

In Part II of this report the same experimental methods were used to

characterize unidirectional off-axis laminates in the same range of strain

rates. Rings of [22.581, [30B], and [458] layups were tested. Two materials

were characterized: SP288/AS graphite/ep)xy and BOAS/20S/PR288 graphite/

S-glass/epoxy. It was found that in all three laminates of both materials

the modulus and strength increase sharply with strain rate, reaching values

roughly 100%, 150%, and 200% higher than corresponding static values for the

[22.58], [308), and [45.] laminates, respectively. In the case of ultimate

strain no definite trendb were established, but the maximum deviation from the

average was less than 18%.

The objective of the task descrived in this Part III of the report is to

characterize angle-ply composite Thminates in uniaxial tension at three strain

rates. The same material systems were characterized as in the case of the

off-axis laminates. The three strain rates selected are quasi-static, inter-

mediate, and high rates ranging from 104sl to over 500ss. All characteriza-

tion tests were conducted by testing thin rings 10.16 cm (4 in.) in diameter,

2.54 cm (I in.) wide, and 8-plies thick under internal pressure. Rings of
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[±1512 s, [±22.532s, [±3012s' [±4512s' [±60J2s` " '1052s ayu

were tested. Three replications per test were used. The data were analyzed

according to procedures described in Part I of this report. Results were
presented in the form of stress-strain curves to failure. Properties determined

included initial, secant, and terminal strain rates; initial, secant, and
terminal modulus and Poisson's ratio; and strengh and ultimate strain. The

effects of strain rate on the various properties are discussed below.

1-2



2. QUASI-STATIC TENSILE PROPERTIES OF ANGLE-PLY LAMINATES

Quasi-static tensile properties of [±e] 2 s laminates were obtained by

testing rings instrumented with strain gages under internal pressure. Three

rings were tested for each of the two material systems, the SP288/AS graphite/

epoxy and the 80AS/20S/PR288 graphite/S-glass/epoxy, and for each of the

values of e = 15', 22.5°, 30*, 45%, 60%, 67.50. and 750. Each ring was

instrumented with a 2-gage rosette with elements in the axial and circumferen-
tial directions.

Stress-strain curves for all specimens tested are shown in Figures 2-1

through 2-41. Values for the modulus, Poisson's ratio, strength, and ultimate

strain computed from these curves are shown in these figures and suimmarized

in Tables 2-1 and 2-2. All but the [±1512s specimens show nonlinear strain

response to failure. Difficulties were encountered with the [±4 512s specimens

due to excessive deformation of the rings. These specimens deformed into a

conical shape and allowed the bladder to extrude through the opening between

the sides of the ring specimen and the steel plates in contact with them.

For these reasons only lower bounds are given in Tables 2-1 and 2-2 for the

strength and ultimate strain values of these specimens.

Tables 2-1 and 2-2 include also results for the modulus and Poisson's

__ratio calculated using measured unidirectional properties. The agreement
between experimental and predicted values is satisfactory. The calculated

properties were obtained by using a computer program called SQ5. This program

is a point stress analysis of a laminate under in-plane loads, moments, and

temperature effects. The formulation uses the usual lamination theory whereby

the laminate constitutive relations are derived from those of each ply of the

laminate.

The modulus of the hybrid laminates is lower than that of the graphite/

epoxy laminates for 0 °:e<450 , but the relationship is reversed for 450•6•900.

The strength of the hybrid laminates is consistently lower than that of the

graphite/epoxy laminates for all layups. Poisson's ratios for the hybrid

2-1



laminates are lower than those for the graphite/epoxy for 0.B.22.50, but no

significant differences exist for eý30. The ultimate strain in the hybrid

material is not significantly different from that of the graphite/epoxy for

0o05_30°, but it becomes smaller than that of the graphite/epoxy material

for e:450.
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3. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF ANGLE-PLY LAMINATES

3.1 [±1512 s LAMINATES

Intermediate rate tensile properties of [±1532s SP288/AS graphite/epoxy

and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings

under dynamic internal pressure. Three rings of each material were loaded

dynamically using 650 mg of slow burning pistol powder (red dot) in the

pressure chamber of the fixture. The circumferential and axial strains in

the composite rings and the circumferential strain in the steel calibration

ring were recorded in every case.

Strain records for the three graphite/epoxy rings are shown in Figures 3-1,

3-2, and 3-3 (Specimen Nos. 35-7, 35-10, and 35-11). These data were analyzed

following the procedures described in Part I of this report (Section 3.3.2).

Results in the form of dynamic stress-strain curves are shown in Figures 3-4,

X-5, and 3-6. Results for the three rings tested are tabulated in Table 3-1.

The initial strain rates range between 9s-l and 20sI, and the average (secant)

rates-between 36s 1 and 52sl. The times to failure range between 184 1s and

213 ps. The initial and secant moduli Gf 121 GPa (17.5 x 106 psi) and 123 GPa

(17.8 x 106 psi), respectively, are higher than the static modulus of 105 GPa

(15.2 x 106 psi) by 15% and 17%, respectively. The average initial and secant

Poisson's ratios of 0.80 and 0.l are a little lower than the static value of

0.86. The average dynamic strength of 1049 MPa (152 ksi) is much higher than

the static strength of 823 MPa (119 ksi). The increase in dynamic strength

is higher than the increase in dynamic modulus. The average dynamic ultimate

strain of 0.0086 is higher than the static value of 0.0078.

Strain records for the three hybrid rings are shown in Figures 3-7, 3-8,

and 3-9 (Specimen Nos. 36-6, 36-10, and 36-11). The corresponding dynamic

stress-strain curves are shown in Figures 3-10, 3-11, and 3-12. Results are

tabulated in Table 3-2. The initial strain rates range between 16s l and

18ssl, and the average (secant) rates between 41s" and 45s"I. The time to

failure ranges between 222 us and 270 i's. The initial and secant modull of

S~3-1



"TABLE 3-I. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES
OF [±15]2s SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus 6(Eo), Poisson's

Number (40), s-, GPa (10 psi) Ratio (VOx)

Initial Properties

35-7 20 124 (17.9) 0.73

35-10 20 124 (17.9) 0.80

35-11 9 115 (16.6) 0.88

Secant Properties

35-7 52 119 (17.3) 0.78

35-10 43 128 (18.6) 0.82

35-11 36 120 (17.4) 0.84

Terminal Properties

35-7 134 135 (19.6) 0.52

35-10 80 175 (25.3) 0.68

35-1I 88 131 (19.0) 0.80

Ultimate Properties

Time to Strength Strain
Failure (SeOe) (cOT)

(tflLP. MPa (ksi -

35-7 184 1129 (164) 0.0095

35-10 200 1107 (160) 0.0086

35-11 213 911 (132) 0.0076
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TABLE 3-2. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±15 2s 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (Eee), Poisson's

Number ( seB), s1  GPa (10" psi) Ratio (vex)

Initial Properties

36-6 16 104 (15.0) 0.56

36-10 18 112 (16.3) 0.50

36-11 16 97 (14.0) 0.25

Secant Properties

36-6 43 97 (14.1) 0.55

36-10 45 99 (14.3) 0.65

36-11 41 88 (12.7) 0.30

Terminal Properties

36-6 124 106 (15.3) 0.58

36-10 244 86 (12.5) 0.49

36-11 268 81 (11.8) 0.45

Ultimate Properties

Time to Strength Strain
Failure (Seel) , u
Ltf• IL-F-sMPa ksi 69T)

36-6 222 932 (135) 0.0096

36-10 228 997 (145) 0.0101

36-11 270 973 (141) 0.0111
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/

104 GPa (15.1 x 10 6 psi) and 95 GPa (13.7 x 106 psi), respectively, are
higher than and equal to, respectively, the initial static modulus of 95 GPa

(13.7 x 106 psi). The average initial and secant Poisson's ratios of 0.44
and 0.50 are lower than the static value of 0.68. The average dynamic strength

of 968 MPa (140 ksi) is higher than the static strength of 806 MPa (11.7 ksi).
The average dynamic ultimate strain of 0.0103 is higher than the static value

of 0.0084.

3.2 [t22.512s LAMiINlATES

Intermediate rate tensile properties of [±2 2.5]2s SP288/AS graphite/

epoxy and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing
rings under dynamic internal pressure. Three rings of each material were
loaded dynamically using 650 mg pistol powder in the pressure chamber of the

fixture.

Strain records for the three graphite/epoxy rings tested are shown in

Figures 3-13, 3-14, and 3-15 (Specimen Nos. 33-10, 33-11, and 33-13). The

corresponding dynamic stress-strain curves are shown in Figures 3-16, 3-17,
and 3-18. Results are tabulated in Table 3-3. The initial strain rates.

range between 8sl and 30s-l and the average (secant) between 40s-l and 48sl
The times to failure range between 187 lis and 221 lis. The initial and secant

moduli of 78.4 GPa (11.4 x 106 psi) and 84.0 GPa (12.2 x 106 psi), respec-
tively, are close to the static initial modulus of 81.4 GPa (11.8 x 106 psi).
The average dynamic strength of 770 MPa (112 ksi) is exactly equal to the
static strength. The dynamic ultimate strain of 0.0093 is lower than the

static value of 0.0103.

Strain records for the three hybrid rings are shown in Figures 3-19,
3-20, and 3-21 (Specimen Nos. 34-2, 34-10, and 34-11). The corresponding

dynamic stress-strain curves are shown in Figures 3-22, 3-23, and 3-24.
Results are tabulated in Table 3-4. The initial strain rates range between

9s- and 31s"I and the average (secant ) rates between 35s-l and 57s 1. The

times to failure range between 181 Vis and 275 lis. The initial and secant

moduli of 75.7 GPa (11.0 x 106 psi) and 72.5 GPa (10.5 x 106 psi), respec-
tively, are a little higher than the static initial modulus of 68.5 GPa
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TABLE 3-3. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF

[±22.532s SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Eee), Poisson's

Number Coe), s" GPa (I0 psl) Ratio (vex)

Initial Properties

33-10 8 64.9 (9.4) 1.25

33-11 13 69.7 (10.1) 1.30

33-13 30 100.7 (14.6) 1.07

Secant Properties

33-10 40 81.5 (11.8) 1.18

33-11 47 67.6 (9.8) 1.16

33-13 48 102.8 (14.9) 1.33

Terminal Pr.operties

33-10 112 56.6 (8.2) 1.25

33-11 195 40.0 (5.8) 1.06

33-13 104 106.3 (15.4) 1.37

Ultimate Properties

Time to Strength Strain
Failure (So()C'
( t fl,-_3ý_S MPa lk~sl) 607

33-10 221 718 (104) 0.0088

33-11 215 674 (98) 0.0100

33-13 187 920 (133) 0.0090
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.TABLE 3-4. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±22.512s 8OAS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (E66), Poisson's

Number (Ce8), s- GPa (106 psi) Ratio (vex)

Initial Properties

34-2 9 71.1 (10.3) 1.33

34-10 31 82.8 (12.0) 1.00

34-11 11 73.3 (10.6) 0.99

Secant Properties

34-2 50 73.6 (10.7) 0.83
34-10 57 77.0 (11.2) 1.16

34-11 35 66.2 (9.6) 1.08

Terminal Properties

34-2 160 62.1 (9.0) 1.17

34-10 120 78.7 (11.4) 1.42

34-11 337 69.7 (10.1) 1.25

U; timate Properties

Time to Strength Strain
Failure (Seel), iu
LtfhY.S MPa ksi) 86_T)

34-2 224 818 (118) 0.0111

34-10 181 800 (116) 0.0104

34-11 275 641 (93) 0.0091
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(9.9 x 1O6 psi). The average dynamic strength of 752 MPa (109 ksi) is

-..... higher than the static strength of 653 MPa (94.6 ksi). The dynamic strain

"of 0.0104 is exactly equal to the static value.

3.3 [±3012s LAMINATES

Intermediate rate tensile properties of [±3012, SP288/AS graphite/epoxy

and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing three rings

of each material under dynamic internal pressure. The pressure was produced

by detonating 650 mg pistol powder in the pressure chamber of the fixture.

Strain records for the three graphite/epoxy rings tested are shown in

Figures 3-25, 3-26, and 3-27 (Specimen Nos. 28-2, 28-12, and 28-13). The cor-

responding dynamic stress-strain curves are shown in Figures 3-28, 3-29, and
3-30. Results are tabulated in Table 3-5. The initial strain rates range

between lOs" and 17s1, and the average (secant) rates between 49s and 73sl
The times to failure range between 195 lis and 237 ps. The initial and secant

.. moduli of 48.4 GPa (7.02 x 106 psi) and 44.7 GPa (6.48 x 106 psi), respectively,

are noticeably lower than the static initial modulus of 58.6 GPa (8.50 x 106

psi). The average dynamic strength of 571 MPa (83 x 106 psi) is almost equal

to the static strength of 566 MPa (82 ksi). The dynamic ultimate strain of

0.0128 is almost equal to the static value of 0.0132.

Strain records for the three hybrid rings are shown in Figures 3-31,

3-32, and 3-33 (Specimen Nos. 54-2, 54-3, and 54-5). The corresponding

dynamic stress-strain curves are shown in Figures 3-34, 3-35, and 3-36.

Results are tabulated in Table 3-6. The initial strain rates range between

12sl and 22s- , and the average (secant) rates between 56s and 85sl. The

times to failure range between 179 us and 224 ps. The initial and secant moduli

of 43.5 GPa (6.31 x 106 psi) and 41.9 GPa (6.07 x I06 psi), respectively, are

a little lower than the static value of 44.9 GPa (6.51 x 106 psi). The dynamic

initial and secant Poisson's ratios of 1.11 and 1.23 are lower than the static

value of 1.26. The average dynamic strength of 611 MPa (89 ksi) is higher than

the static strength of 503 MPa (73 ksi). The dynamic ultimate strain of 0.0144

is very close to the static value of 0.0139 as in the case mentioned before.
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TABLE 3-5. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±30.2s SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Eeo), Poisson's

Number (too), s"1 GPa (10 psi) Ratio (Vex)

Initial Properties

28-2 17 43.8 (6.35) 1.09

28-12 10 46.6 (6.75) 1.10

28-13 10 54.9 (7.95) 0.83

Secant Properties

28-2 73 41.1 (5.96) 1.04

28-12 49 42.9 (6.22) 1.27

28-13 53 50.1 (7.26) 1.19

Terminal Properties

28-2 281 44.2 (6.40) 1.14

28-12 252 27.6 (4.00) 1.41

28-13 270 42.1 (6.10) 1.44

Ultimate Properties

Time to Strength Strain
Failure (S eeOT))Lt f), J•s MPa (kl (OT

28-2 195 588 (85) 0.0143

28-12 237 504 (73) 0.0117

28-13 236 621 (90) 0.0124
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TABLE 3-6. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±30]2s 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (EGO). Poisson's

Number (46), s-, GPa (10 psi) Ratio (vex)

Initial Properties

54-2 17 40.0 (5.80) 1.11

54-3, 22 44.9 (6.50) 1.11

54-5 12 45.7 (6.63) 1.12

Secant Properties

54-2 56 38.9 (5.63) 1.16

54-3 76 38.9 (5.63) 1.39

54-5 85 47.9 (6.94) 1.14

Terminal Properties

54-2 251 30,4 (4.40) ).36

54-3 229 34.6 (5.02) 1.53

54-5 397 60.0 (8.70) 1.40

Ultimate Properties

Time to Strength Strain
Failure (Seel)• .u

MPa ksi 69T)

54-2 224 490 (71) 0.0126

54-3 179 528 (77) C.0136

54-5 200 814 (118) 0.0170
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S3.4 [-±4512s LAMINATES

Intermediate strain rate tensile properties of [±4532s SP288/AS graphite/

epoxy and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings

under dynamic internal pressure. Four rings of each material were loaded

dynamically using 650 mg pistol powder in the pressure chamber of the fixture.

Strain records for the four graphite/epoxy rings tested are shown in

Figures 3-37 through 3-40 (Specimen Nos. 24-11, 52-2, 52-3, and 52-4). The

corresponding dynamic stress-strain curves are shown in Figures 3-41 through

3-44. Results are tabulated in Table 3-7. The initial strain rates range

between lOs"I and 17s"l and the average (secant ) rates between 66s"I and

101s . The times to failure rang? between 300 lis and 348 ps. The initial

and secant moduli of 19.1 GPa (2.77 x lO6 psi) and 17.6 GPa (2.55 x 106 psi),

respectively, are both lower than the static modulus of 20.4 GPa (2.95 x 106

psi). This difference may be due in part to the fact that three of the specimens

were taken from a different tube (No. 52) which was fabricated much later than

tube No. 24 from which the static specimens came. The moduli for Specimen

No. 24-11 are much closer to the static modulus. The average dynamic Poisson's

ratio of 0.85 is higher than the static value of 0.69. The average dynamic

strength of 494 MPa (72 ksi) is much higher than the low bound of 224 MPa

(32.5 ksi) established by static testing. On the other hand, the dynamic

ultimate strain of 0.0279 is lower than the lower bound established by static

testing. Again, the value of 0.0348 for Specimen No. 24-11 is more in line

with the static results.

Strain records for the four hybrid rings are shown in Figure 3-45 through

3-48 (Specimen Nos. 25-9, 53-1, 53-4, and 53-5). The corresponding dynamic

stress-strain curves are shown in Figures 3-49 through 3-52. Results are tab-

ulated in Table 3-8. The initial strain rates range between 7s-l and 30s"I

and the average (s.cant) rates between 81s" and 163s" . The times to failure

range between 171, v s and 344 iis. The initial modulus of 21.1 GPa (3.06 x 106

psi) is only slightly lower than the static modulus of 21.5 GPa (3.12 x 106 psi).

The overall average Poisson's ratio of 0.71 is a little lower than the static

value of 0.74. The average dynamnic strength of 371 MPa (54 ksi) is much higher

than the lower bound of 191 MPa (27.7 ksi) established by static testing. The

dynamic ultimate strain of 0.0270 is very close to the lower bound of 0.0265

established by static testing.
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TABLE 3-7. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[_45]2s SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Eee), Poisson's
Number ( s GPa (106 psI) Ratio (Vox)

Initial Properties

24-11 10 20.0 (2.90) 0.83

52-2 15 17.3 (2.50) 0.95

52-3 12 20.3 (2.94) 0.89

52-4 17 18.8 (2.73) 0.92

Secant Properties

24-11 101 19.8 (2.87) 0.94

52-2 96 15.7 (2.28) 0.65

52-3 66 16.0 (2.32) 0.77

52-4 75 18.8 (2.73) 0.84

Terminal Properties

24-11 483 10.6 (1.53) 0.95

52-2 421 10.5 (1.52) 0.62

52-3 250 9.2 (1.33) 0.95

52-4 280 15.7 (2.27) 0.86

Ultimate Properties

Time to Strength Strain
Failure (See•1l). u
(tf), •s MPa ksi) (0T)

24-11 344 690 (100) 0.0348

52-2 325 490 (71) 0.0312

52-3 348 366 (53) 0.0228

52-4 300 428 (62) 0.0227

3
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TABLE 3-8. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF

[±45]2s 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (E68). Poisson's
Number (eo), s- GPa (10' psi) Ratio (Vex)

Initial Properties

25-9 13 15.4 (2.24) 0.91

53-1 7 24.7 (3.58) 0.87

53-4 17 17.8 (2.58) 0.76

53-5 30 26.4 (3.83) 0.56

Secant Properties

25-9 103 13.6 (1.98) -

53-1 163 14.8 (2.15) 0.60

53-4 96 12.2 (1.77) 0.53
53-5 81 14.2 (2.06) 0.90

Terminal Properties

25-9 333 13.2 (1.92) -

53-1 427 9.6 (1.39) 0.53
53-4 395 10.4 (1.50) 0.54

53-5 395 11.6 (1.68) 0.95

Ultimate Properties

Time to Strength Strain
Failure (Se•l). u
(tfl._.LJp MPa ksi) (ET)

25-9 344 483 (70) 0.0354

531I 171 414 (60) 0.0279

53-4 260 304 (44) 0.0249

53-5 244 283 (41) 0.0199
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3.5 [±60]2 LAMINATES

Intermediate strain rate tensile properties of [±60]2s SP288/AS graphite/

epoxy and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings

under dynamic internal pressure. Three rings of each material were loaded

dynamically using 650 mg pistol powder in the pressure chamber of the fixture.

Strain records for the three graphite/epoxy rings tested are shown in

Figures 3-53, 3-54, and 3-55 (Specimen Nos. 22-9, 22-10, and 22-11). The

corresponding dynamic stress-strain curves are shown in Figures 3-56, 3-57,

and 3-58. Results are tabulated in Table 3-9. The initial strain rates range

between 16s and 27s and the average (secant) rates between 44s and 84s

The times to failure range between 196 us and 281 ps. The initial and secant

moduli of 23.0 GPa (3.34 x 106 psi) and 13.9 GPa (2.01 x 106 psi), respectively,

are higher than the initial static modulus of 13.4 GPa (1.95 x 106 psi) by

71% and 3%, respectively. The average Poisson's ratio of 0.32 is identical to

the static value. The average dynamic strength of 182 MPa (26.4 ksi) is

appreciably higher than the static strength of 105 MPa (15.2 ks,), by approxi-

mately the same percentage (73%) as the initial modulLs. The average dynamic

ultimate strain of 0.0134 is slightly higher than the static value of 0.0120.

Strain records for the three hybrid rings tested are shown in Figures 3-59,

3-60, and 3-61 (Specimen Nos. 23-7, 23-10, and 23-11). The corresponding

dynamic stress-strain curves are shown in Figures 3-62, 3-63., and 3-64. Results

are tabulated in Table 3-10. The initial stra-n rates range between 20s-1

and 35s , and the average (secant) rates between 51s and 75sl. The times

to failure range between 155 lis and 219 us. The initial modulus of 24.7 GPa

(3.58 x 106 psi) is much higher than the static modulus of 15.2 GPa (2.20 x

106 psi). The average initial and secant Poisson's ratio of 0.31 is only

slightly higher than the static value of 0.29. The average dynamic strength

of 155.5 MPa (22.5 ksi) is much higher than the static strength of 94.8 MPa

(13.7 ksi). The increase in dynamic strength outpaces the increase in dynamic

modulus. The average dynamic ultimate strain of 0.0112 is higher than the

static value of 0.0087.
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TABLE 3-9. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±6012s SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (E68), Poisson's

Number 0), s-, GPa (106 psi) Ratio (v)

Initial Properties

22-9 27 22.5 (3.26) 0.15

22-10 23 23.6 (3.42) 0.28

22-11 16 23.0 (3.33) 0.33

Secant Properties

22-9 44 15.0 (2.17) 0.47

22-10 84 12.5 (1.82) 0.31

22-11 52 14.1 (2.04) 0.38

Terminal Properties

22-9 138 9.3 (1.35) 0.43

22-10 205 8.5 (1.23) 0.34

22-11 156 18.5 (2.68) 0.35

Ultimate Properties

Time to Strength Strain
Failure (So ),
(tfiJt-E MPa (ksi) 60__T)

22-9 196 129 (18.7) 0.0086

22-10 200 210 (30.5) 0.0168

22-11 281 207 (30.0) 0.0147
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TABLE 3-10. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±660)2s 8OAS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (E68), Poisson's

Number (4). s"2 GPa (10' psi) Ratio (vex)

Initial Properties

23-7 35 17.6 (2.55) 0.25

23-10 23 25.4 (3.67) 0.26

23-11 1 20 31.1 (4.51) 0.22

Secant Properties

23-7 75 15.7 (2.28) 0.39

23-10 51 12.7 (1.84) 0.34

23-11 51 13.2 (1.91) 0.41

Terminal Properties

23-7 163 12,9 (1.88) 0.41

23-10 153 9.0 (1.30) 0.34

23-11 180 7.8 (1.13) 0.30

Ul timate Properties

Time to Strength Strain
Failure (SeeT), • u
(tf), MPa (ksi 69T)

23-7 155 182.2 (26.4) 0.0116

23-10 219 142.1 (20.6) 0.0112

23-11 210 142.1 (20.6) 0.0108
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3.6 [i67.5J 2 s LAMINATES

Intermediate strain rate tensile properties of [±6 7 . 5 12s SP288/AS graphite./

epoxy and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings

under dynamic internal pressure. Three rings of each material were loaded

dynamically using 650 mg pistol powder in the pressure chamber of the fixture.

Strain records for the three graphite/epoxy rings tested are shown in

Figures 3-65, 3-66, and 3-67 (Specimen Nos. 26-10, 26-11, and 26-13). The

corresponding dynamic stress-strain curves are shown in Figure 3-68, 3-69, and

3-70. Results are tabulated in Table 3-11. The initial strain rates range

between lgsl and 35s-l and the average (secant) rates between 58s1 and 89sl.

The times to failure vary between 123 ps and 158 lis. The initial and secant

moduli of 17.3 GPa (2.51 x 106 psi) and 12.8 GPa (1.86 x 106 psi), respectively,
6

are higher than the initial static modulus of 12.0 GPa (.74 x 10 psi). The
average initial and secant Poisson's ratio is equal to the static value of

0.17. The average dynamic strength of 132.2 MPa (19.2 ksi) is higher than the

static strength of 85.1 MPa (12.3 ksi) by 56%. The average dynamic ultimate

strain of 0.0103 is higher than the static value of 0.0081.

Strain records for the three hybrid rings tested are shown in Figures 3-71,

3-72, and 3-73 (Specimen Nos. 27-10, 27-11, and 27-13). The corresponding

dynamic stress-strain curves are shown in Figures 3-74, 3-75, and 3-76. Results

are tabulated in Table 3-12. The initial strain rates range between 23s1l and

49s and the average (secant) rates between 56s and 71s- . The times to

failure vary between 130 ps and 151 Us. The initial and secant moduli of

20.3 GPa (2.94 x 106 pa,) and 15.7 GPa (2.28 x 106 psi), respectively, are

higher than the initial static modulus of 14.4 GPa (2.08 x 106 psi) by 41%

and 10%, respectively. The average initial and secant Poisson's ratio of 0.14

is slightly lower than the static value of 0.16. The average dynamic strength

of 136.6 MPa (19.8 ksi) is much higher than the static strength of 76.1 MPa

(11.0 ksi) by a higher percentage than the dynamic modulus. The average dynamic

ultimate strain of 0.0087 is higher than the static value of 0.0062.
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TABLE 3-11. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±67 .532s SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus 6(E60 ), Poisson's

Number (40, s-I GPa (10 psi) Ratio (Vex)

Initial Properties

26-10 23 15.0 (2.18) 0.21

26-11 35 13.3 (1.93) 0.14

26-13 19 23.6 (3.41) 0.11

Secant Properties

26-10 73 12.7 (1.85) 0.17

26-11 89 13.8 (2.00) 0.20

26-13 58 11.9 (1.73) 0.16

Terminal Properties

26-10 169 8.0 (1.16) 0.21

26-11 182 14.0 (2.04) 0.15

26-13 150 3.3 (0.48) 0.25

Ultimate Properties

Time to Strength Strain
Failure (S66T),(t. sMva •ksi) 60BT)

26-10 146 136.3 (19.8) 0.0107

26-11 123 150.1 (21.8) 0.0109

26-13 158 109.7 (15.9) 0.0092
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TABLE 3-12. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±67. 5 12s 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (Eee), Poisson's

Number ss GPa (10' psi) Ratio

Initial Properties

27-10 24 16.8 (2.43) 0.09

27-11 49 20.7 (3.00) 0.13

27-13 23 23.5 (3.40) 0.16

Secant Properties

27-10 56 13.8 (1.99) 0.10

27-11 71 16.4 (2.38) 0.17

27-13 56 17.0 (2.47) 0.14

Terminal Properties

27-10 119 7.2 (1.05) 0.16

27-11 148 25.2 (3.66) 0.26

27-13 136 9.3 (1.35) 0.19

Ultimate Properties

Time to Strength Strain
Failure (Seel). U(tf) •sMPa (ksi) 60eT)

LtfILj-. OT

27-10 151 115.6 (16.8) 0.0084

27-11 130 151.1 (21.9) 0.0092

27-13 150 143.2 (20.8) 0.0084
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3.7 [±7512s LAMINATES

Intermediate strain rate tensile properties of [- 7 5 1 2s SP288/AS graphite/

epoxy and 80AS/20S/PR288 graphite/S-glass!epoxy were obtained by testing rings

under dynamic internal pressure. Three rings of each material were loaded

dynamically using 650 mg pistol powdPr in the pressure chamber of the fixture.

Valid data were obtained only for one of the three graphite/epoxy rings

tested, Specimen No. 20-12. Strain records and the corresponding dynamic stress-

strain curve for this specimen are shown in Figures 3-77 and 3-78, respectively.

Results are tabulated in Table 3-13. The initial and secant strain rates are

19s-l and 45s 1, respectively, and the time to failure is 201 ps. Thr initial

modulus of 19.7 GPa (2.86 x 106 psi) is much higher than the static mondulus

of 11.2 GPa (1.63 x 10 psi). The average Poisson's ratio of 0.06 is lower

than the static value of 0.09. The dynamic strength of 98.3 MPa (14.2 ksi) is

higher than the static strength of 74.8 MPa (10.8 ksi) by 31%. The dynamic

ultimate strain of 0.0090 is also higher than the static value of 0.0076 by

18%.

Strain records for the three hybrid rings tested are shown in Figures 3-79,

3-80, and 3-81 (Specimen Nos. 21-10, 21-11, and 21-12). The corresponding

dynamic stress-strain curves are shown in Figures 3-82, 3-83, and 3-84. Re-

sults are tabulated in Table 3-14. The initial strain rates range between

28s and 37s and the average (secant) rates between 62sl and 68sl. The

times to failure range between 107 jis and Ill ps. The initial modulus of

16.9 GPa (2.45 x 106 psi) is a little higher than the static modulus of 15.5-GPa

(2.25 x 1O6 psi). The overall average Poisson's ratio of 0.08 is slightly

lower than the static value of 0.10. The average dynamic strength of 94.9 MPa

(13.8 ksi) is higher than the static strength of 61.4 MPa (8.9 ksi) by 55'.

The dynamic ultimate strain of 0.0170 is also higher than the static value of

0.0047 by 49%.

3
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TABLE 3-13. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[±7532s SP288/AS GRAPHITE/EPCIXY

Specimen Strain Rate Moduluso (40), Poisson's

Number- (te), s' GPa (10 psi) Ratio (vex)

Initial Properties

20-12 19 19.7 (2.86)

Secant Properties

20-12 45 10.9 (1.58) 0.04

Terminal Properties

20-12 132 6.0 (0.87) 0.08

Ultimate Properties

Time to Strength Strain
Failure (Sol), )
(tf• s MPa ksi) (69T_ )

20-12 201 98.3 (14.2) 0.0090
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TABLE 3-14. INTERMEDIATE STRAIN RATE TENSILE PROPERTIES OF
[175)2, 80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Miodulus (Eeg), Poisson's
Number (•p), s-' GPa_(106 psi) Ratio (vpX)

Initial Properties

21-10 36 15.4 (2.22)

21-11 28 16.9 (2.45) -

21-12 37 18.5 (2.68) -

Secant Properties

21-10 68 13.4 (1.94) 0.04

21-11 52 8.4 (1.21) 0.04

21-12 62 18.5 (2,68) 0.05

Terminal Properties

21-10 128 11.5 (1.66) 0.07

21-11 108 7.7 (1.11) 0.11

21-12 113 15.9 (2.30) 0.14

Ultimate Properties

Time to Strength Strain
Failure (SM0ee ) u

21-10 111 101.8 (14.8) 0.0076

21-11 107 55.2 (8.0) 0.0066

21-12 111 127.7 (18.5) 0.0069

*3-2
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Figure 3-34. Stress-strain curves for dynamically loaded [+3012s
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Figure 3-39. Strain records in steel ring and [±45]2s SP288/AS
graphite/epoxy ring under dynamic loading for Specimen No. 52-3

(0.65 g shotgun powder).
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Figure 3-49. Stress-strain curves for dynamically loaded (t45 32s
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Figure 3-50. Stress-strain curves for dynamically loaded [±45 32s
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3-71



40 6 0-" "OF POOR QuAL4Fl

-400

40"

20")

2 0

00 B

STRA20I CS (10•C)

iur 3-51, Stress-strain curves for dynamically loaded Ct4S)2,

ý;j OAS/20S/PRZBO graphite/S-glass/epoxy 
ring, speciinenfho. 53.-4.

3-72

/I



60- OF POOR QiALITY

40-

-200

20-

20 0/ 62

S C (.

3.73

STRAN, , (0,"

3--



oo

2 -

OF Poop UtA' Steel Ping

.e o

1 - --

Composite Ring - .

-4

4 ----. .. *.

xx

-8I I I I 1
, 40 80 120 160 200

TIME•, t, (p~s)
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Figure 3-57. Stress-strain curve for dynamically loaded [±6032s
SP288/AS graphite/epoxy ring, Specimen No. 22-10.
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Figure 3-59. Strain records in steel ring and 80AS/20S/PR288 [± 6 012s

graphite/S-glass/epoxy ring under dynamic loading for Specimen
No. 23-7 (0.65 g shotgun powder).
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Figure 3-64. Stress-strain curve for dynamically loaded [+6012s
80AS/20S/PR288 graphite/S-glass/epoxy ring, Specimen No. 23-11.

3-85



2 W1GIrVM r
OF p0OOR QUALki

"Steel P tng

12-

22 88

r-40

-'" Composite Ring
cA'

--4. 22

" 120 160 200
TM• t, (Uis)

figure 3-65. Strain records in steel ring and (±67.5]2 SP288/AS

gragphtelepoKy ring under dynamic loading for Specimevl 0o. 26-10
(0.65 9 shotgun powder).

L i 3.86



• ~2
7 ORIGINAL PA,-` iS

OF POOR QUALITY

*

1 -

-" Steel Ring

0~

e..€00
12

0

9.X

w; / ..

°WE t, us

F.. S" i Composite Ring

gaht/px ring une dyai odn o Seie o 61"". sxx

0 40 80 120 160 200
TIMIE, t, (iis)

i ~Figure 3-66. Strain records in steel ring and [-+67. 512 SP288/AS

graphite/epoxy ring under dynamic loading for Specimen flo. 26-il
(0.65 g shotgun powder).

3-8

/



2OFii~ POOR ~

Steel Ring

1

CU

412

Fiur 36 . Stai reod inpoit ste rinnd[6 52gP28

grpieeoyrnone yai odn o pc~n 2-.
(0.6 9 sotgu power).~a.

-4. I 3-88



30

tt

, 0 -200 OR1G~r,;AL ;m.w. ".
OF PO00: (..JAi.Ir'

10-

20 
70 2 46o

STAN00 (0C

( "" ~c10- "e

3--

4.-

/ I

(2 4 6 8

STRAIN, c, (10 3 c)

S~Figure 3-68. Stress-strain curve for dynamical.] loaded [±67.5)2s
( SP288/AS graphite/epoxy ring, Specimen No. 26-10.

S~3-89



ORIGIRAL fC7 :
OF FOOR QUALITY(

-200

-100

LAA

4 66
STRAIN, c. (10 C)

Figure 3-69. Stress-strain curve for dyndmlc&Ily loaded (*67.512s
SP2881AS graphite/epoxy ring, Specimen No. 26-11.

3-90



OF F ,-.-,

30-
-200

2-

-100

10-

10

tI

I

O0 4 6 8 10

STRAIN, c, (10 3c)
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4. HIGH STRAIN RATE TENSILE PROPERTIES OF ANGLE-PLY LAMINATES

4.1 1±1 5 12s LAMINATES

High strain rate tensile properties of [±1 51 2s SP288/AS graphite/epoxy

and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings under

dynamic internal pressure. Three rings of each material were loaded dynamically

using 100 mg PETN detonators in the pressure chamber of the fixture. The

circumferential and axial strains in the composite ring and the circumferential

strain in the calibration steel ring were recorded in every case.

Strain and strain derivative records for the three graphite/epoxy rings

tested are shown in Figures 4-1 through 4-9 (Specimen Nos. 35-2, 35-4, and
"35-6). These data were analyzed fullowing procedures described in Part I of

this report. Dynamic stress-strain curves ob£tlned by the digital processing

oscilloscope are shown in Figures 4-10, 4-11, and 4-12. Results for the three

rings tested are tabulated in Table 4-1. The initial strain rates range be-

tween 130s- and 250s- and the average (secant) rates between 175s"1 and 254s 1 .

SThe times to failure range between 35 us and 44 vs. The initial and secant

moduli of 113.2 GPa (16.4 x 106 psi) and 117.8 GPa (17.1 x 106 psi), res-

pectively, are higher than the static modulus of 104.5 GPA (15.2 x 106 psi)
by 8% and 12%, respectively. The overall average Poisson's ratio of 0.80 is

*" lower than the static value of 0.86. The average dynamic strength of 1029 MPa

(149 ksi) is higher than the static strength of 823 MPa (119.3 ksl) by 25%.

The increase in dynamic strength is higher than the increase in dynamic modulus.

The average dynamic ultimate strain of 0.0088 is higher than the static value

of 0.0078. This trend in properties is related to some change in failure modes

from those under quasi-static to those under dynamic loading conditions. Quasi-

static failure modes include pronounced interlaminar shear failures. Under

dynamic conditions, with the higher rate-dependent, matrix-dominated inter-

laminar shear properties, there is more brittle-like behavior with failures

dominated primarily by fiber fractures.
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TABLE 4-1. HIGH STRAIN RATE TENSILE PROPERTIES OF [±1512s
SP28B/AS GRAPHITE/EPOXY

A Specimen Strain P.Rte Mlodulus (EeB), Poisson's

Sl Number GPa (106 psi) Ratio (VOx)

Initial Proper ties

35-2 250 104.9 (15.2) 0.63

35-4 190 116.6 (16.9) 0.92

35-6 130 118.0 (17.1) 0.73

Secant Properties

35-2 243 110.4 (16.0) 0.61

35-4 254 109.0 (15.8) 0.89

35-6 175 133.9 (19.4) 1.02

.Terminal P-roper ties

35-2 270 117.3 (17.0) 0.71

• 35-4 300 104.2 (15.1) -

35-6 250 113.9 (16.5)

-p Ultinate Proterties

Time to Strength Strain

Failure (SoT) u(t fL-_j t!ý (% i6T)

35-2 40 1080 (155) 0.0097

35-4 35 973 (141) 0.0089

35-6 44 1035 (150) 0.0077
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Strain and strain derivative records for the three hybrid rings are

shown in Figures 4-13 through 4-21 (Specimen Nos. 36-2, 36-4, and 36-7).

Dynamic stress-strain curves are shown in Figures 4-22, 4-23, and 4-24. Re-

sults for the three rings tested are tabulated in Table 4-2. The initial

strain rates range between 125s1 and 150s 1 and the average (secant) rates

between 173s and 210s . The times to failure range between 40 us and

45 Vs. The initial and secant moduli of 133.2 GPa (19.3 x l06 psi).and

101.2 GPa (14.7 x 106 psi), respectively, are higher than the static modulus

* of 94.5 GPa (13.7 x 106 psi) by 41% and 7%, respectively. The average

Poisson's ratio of 0.90 is higher than the static value of 0.68. The dynamic

strength of 837 MPa (121 ksi) is only slightly higher than the static one of

806 MPa (117 ksi). Thts trend is contrary to the one observed in the graphite/

epoxy specimens. The dynamic ultimate strain of 0.0083 is approximately equal

to the static value of 0.0084.

4.2 [±22.532s LAMINATES

High strain rate tensile properties of L±22.512s SP288/AS graphite/epoxy

and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings

under dynamic internal pressure. Three rings of each material were loaded
dynamically using 100 mg PETN detonators in the pressure chamber of the fix-

ture. In one case, the pressure on the steel ring was also measured with a

Manganin alloy gage.

Strain and strain derivative records for the three graphite/epoxy rings

tested are shown in Figures 4-25 through 4-33 (Specimen Nos. 33-4, 33-6, and

33-7). Dynamic stress-strain curves are shown in Figures 4-34, 4-35, and

* 4-36. Results are tabulated in Table 4-3. The initial strain rates range

between 130s"I and 150s"I and the average (secant) rates between 184s-l and

211sl. The times to failure range between 38 ps and 4611s. The initial and

secant moduli of 131.7 GPa (19.1 x l06 psi) and 93.4 GPa (13.5 x 106 psi),

4 respectively, are higher than the static modulus of 81.4 GPa (11.8 x 106 psi)

by 62% and 15%, respectively. The average dynamic secant Poisson's ratio of

1.22 is slightly higher than the static one of 1.18. The average dynamic

strength of 790 MPa (115 ks,) is only slightly higher than the static one of

773 MPa (112 ksi). However, the dynamic ultimate strain of 0.0084 is appre-

ciably lower than the static value of 0.0103.
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TABLE 4-2. HIGH STRAIN RATE TENSILE PROPERTIES OF [±1512s
8OAS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (Eea), Poisson's

Number (EpS- GPa (106 PSI) Ratio (vex)

Initial Properties

36-2 150 131.1 (19.0) 0.97

36-,4 145 122.1 (17.7) 0.62

36-7 1 2 ~ 146.3 (21.2) 1.06

^acant Properties

36-2 198 98.0 (14.2) 1.06

36-4 210 111.8 (16.2) 0.85

36-7 173 93.8 (13.6) 0.85

Terminal Properties

36-2 225 63.5 (9.2) 1.24

36-4 290 58.0 (8.4)

36-7 220 28.2 (4.1) 0.93

Ultimate Properties

Time to Strength Stra
Failure (el

LtfMPa ksi ___

36-2 44 849 (123) 0.0087

36-4 40 932 (135) 0.0084

36-7 45 731 (106) 0.0078'
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TABLE 4-3. HIGH STRAIN RATE TENSILE PROPERTIES OF [±22.5]2s
SP288/AS GRAPHITE/EPOXY

"Specimen Strain Rate Miodulus (Eee), Poisson's

Number 00), s (10 psi) Ratio (veyx)

Initial Properties

33-4 135 131.1 (19.0) 1.66

33-6 150 140.2 (20.3) 1.50

33-7 130 123.9 (18.0) 1.54

Secant Properties

33-4 196 89.5 (13.0) 1.33

33-6 184 95.q (13.9) 1.19

33-7 211 94.9 (13.7) 1.13

Terminal Properties

33-4 280 45.7 (6.6) 1.26

33-6 190 55.5 (8.1) 1.70

33-7 390 85.9 (12.4) 1.10

Ultimate Properties

Time to Strength Strain
Failure (S8 t),uLt f _LPS MPa PDi (•T)

33-4 46 806 (117) 0.0090

33-6 38 673 (98) 0.0070

33-7 44 890 (129) 0.0093

(129

C.
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Strain and strain derivative records for the three hybrid rings are shown

in Figures 4-37 through 4-45 (Specimen Nos. 34-4, 34-6, and 34-7). Dynamic

stress-strain curves are shown in Figures 4-46, 4-47, and 4-48. Results are

"tabulated in Table 4-4. The initial strain rates range between 130sI and

140s- and the average (secant) rates between 198s51 and 246s-l. The times

to failure range between 45 jis and 46 vs. The initial and secant moduli of

126.1 GPa (18.3 x 1O6 psi) and 76.5 GPa (11.1 x 106 psi), respectively, are

higher than the static modulus of 68.5 GPa (9.9 x i06 psi) by 84% and 12%,

respectively. The average dynamic Poisson's ratio of 0.97 is higher than the

static one of 0.83. The average dynailc strength of 731 MPa (106 ksi) is

higher than the static strength of 653 MPa (95 ksi) by 12%. The dynamic 41-

timate strain of 0.0095 is somewhat lower than the static value of 0.0104.

4.3 [+3012s LAMINATES

High strain rate tensile properties of [±3012s SP288/AS graphite/epoxy

and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings under

dynamic internal pressure. Initially, 100 mg PETN detona'. -s were used in

the pressure chamber of the fixture. The pressure pulse produced by this

loading, as seen from the strain response of the steel ring, reaches its peak

in apDroximately 40 ps. The time to failure, however, is somewhat longer

than that, which makes the analysis of the data very difficult. It was decided

to modify the explosive detonation to produce a lotger, but sufficiently

intense, pressure pulse. The originally used black powder, or bullseye

powder, was sufficiently slow-burning to produce a long pulse, but the in-

tensity of this pulse was too low and resulted in relatively low strain rates.

To boost the explosive energy of the normally fuel-rich bullseye powder

potassium perchlorate (KCZO 4 ) and aluminum powder were mixed in. All subse-

quent tests were conducted using 520 mg of each component above in the pressure

chamber. The resulting pressure pulse was longer than the time to failure of

the [±3012s specimens and only slightly shorter than that for the [±4512s

specimens.

One difficulty encountered in the past was in pinpointing the exact time

of failure of the composite specimens. If initial failure does not happen to

occur exactly at a gage location, the strain readings at the unfdilcd locations
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"TABLE 4-4. HIGH STRAIN RATE TENSILE PROPERTIES OF [ 2 2.512s
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (E6), Poisson's

• Number 260), s-, GPa (106 psi) Ratio (VQx)

Initial Properties

34-4 130 134.6 (19.5) 1.15

34-6 140 100.1 (14.5) 0.93

34-7 130 143.7 (20.8) 0.85

Secant Properties

34-4 198 73.6 (10.7) 1.06

34-6 246 79.2 (11.5) 0.87

34-7 208 76.6 (11.1) 0.99

Terminal Properties

34-4 300 26.9 (3.9) 1.16

34-6 308 50.0 (7.2) 0.84

34-7 280 29.3 (4.3) 1.07

Ultimate Prcoerties

Time to Strength Strain
Failure (Se), (

4tfL._ MPa (ksi 68__T)

34-4 45 656 (95) 0.0089

34-6 46 819 (119) 0.0103

34-7 45 716 (104) 0.0094
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continue to increase for some time after initial failure. To overcome this

- uncertainty a conductive ribbon was bonded around the entire circumference of

the ring and connected to one of the tabs of one strain gage. The ribbon is

a Micromeasurements Ni-clad copper ribbon of 0.025 mm x 0.397 mm (0.001 in. x

1/64 in.) cross section. This ribbon is first bonded on a strip of 104 type

glass scrimcloth with Epon 815/V40 adhesive. After curing, the ribbon with

the scrimcloth strip is bonded on the composite rirg with Micromeasurements

AElO adhesive and connected in series with one of the leads of a circumferen-

tial strain gage. When the specimen fails at any point around the circum-

ference the ribbon breaks and strain readings from the gage connerted to the

ribbon are interrupted.

Tests on the [± 3 012s laminates were repeated using a 1560 mg mixture of

equal amounts of bullseye pistol powder, potassium perchlorate (KC2.0 4 ), and

aluminum dust. Strain and strain derivative records for the three grapite/

epoxy rings tested are shown in Figures 4-49 through 4-55 (Specimen Nos. 28-9,

28-10, and 28-11). Stress-strain curves are shown in Figures 4-56, 4-57, and

4-58. Results are tabulated in Table 4-5. The initial strain rates range

between 200s and 230s- and the average (secant) rates between 285s- and
-1

320s . The times to failure range between 44 ps and 45 vs. The initial and
16 ad4.Ga(72 16secant moduli of 85.7 GPa (12.4 x 10 psi) and 49.8 GPa (7.2 X 10 psi), res-

pectively, are higher and lower than the static modulus of 58.6 GPa (8.5 x

106 psi) by 46% and 15%, respectively. The average dynamic Poissons's ratio

of 1.21 is only slightly lower than the static one of 1.25. The average

dynamic strength of 660 MPa (96 ksi) is higher than the static one of 566 MPa

(82 ksi) by 17%. The dynamic ultimate strain of 0.0133 is almost equal to

the static value of 0.0132.

Strain and strain derivative records for the three hybrid rings are shown

in Figures 4-59 through 4-64 (Specimen Nos. 29-10, 29-11, and 29-12). Stress-

strain curves are shown in Figures 4-65, 4-66, and 4-67. Results are tabulated

in Table 4-6. The initial strain rates range between 190s-l and 230s-I and

the average (secant) rates between 300s and 340s l. The times to failure

range between 40 vs and 43 vs. The initial and secant moduli of 93.5 GPa

(13.6 x 106 psi) and 51.5 GPa (7.5 x 1O6 psi), respectively, are higher than

the static modulus of 44.9 GPa (6.51 x 106 psi) by 108% and 15%, respectively.
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TABLE 4-5. HIGH STRAIN RATE TENSILE PROPERTIES OF [:-30)2s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (EBe), Poisson's

Number (cue), s" GPa (10 psi) Ratio (vex)

Initial Properties

28-9 230 84.0 (12.2) -

28-10 1230 82.8 (12.0) 1.09

28-11 200 90.2 (13.1) 1.35

Secant Properties

28-9 320 46.8 (6.8) -

28-10 285 49.1 (7.1) 1.19

28-11 286 53.5 (7.8) 1.21

Terminal Properties

28-9 465 41.0 (5.9) -

28-10 400 27.3 (4.0) 1.25

28-11 420 37.3 (5.4) 1.07

Ultimate Properties

Time to Strength Strain
Failure (SOOT),
Ltf) L s MPa (ksi) ____T_

28-9 44 664 (96) 0.0142

28-10 45 626 (91) 0.0128

28-11 45 690 (100) 0.0129
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TABLE 4-6. HIGH STRAIN RATE TENSILE PROPERTIES OF (±3012s
8OAS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (E0 e), Poisson's

Number s GPa (106 psi) Ratio (vex)

Initial Properties

29-10 200 100.6 (14.6) 1.08

29-11 190 95.9 (13.9) 1.18

29-12 230 84.0 (12.2) 1.09

Secant Properties

29-10 300 59.8 (8.7) 1.13

29-11 340 48.1 (7.0) 1.00

29-12 333 46.6 (6.8) 1.05

Terminal Properties

29-10 400 48.8 (7.1) 1.79

29-11 440 41.1 (6.0) 1.48

29-12 480 39.2 (5.7) 1.25

Ultimate Properties

Time to Strength Strain
Failure (SoB 1 ), _u

(tf)_ Ls MPa ksi) (E66T)

29-10 40 699 (101) 0.0116

29-11 43 707 (102) 0.0147

29-12 43 666 (97) 0.0143
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The average dynamic Poisson's ratio of 1.09 is lower than the static one of

1.26. The average dynamic strengtl. of 690 MPa (100 ksi) is much higher than

the static one of 503 MPa (73 ksi) by 37%. The dynamic ultimate strain of

0.0135 is only slightly lower than the static value of 0.0139.

Comparison of the results for the graphite/epoxy and hybrid [±3032s
specimens (Tables 4-5 and 4-6) shows that the hybrid specimens have higher

dynamic moduli and strength than the graphite/epoxy ones. This is contrary

to the trend in static values. This phenomenon, for which no ready e*plana-

ticn is available, was not noticed in the [±22.512s specimens.

4.4 [±451s LAMINATES

High strain rate tensile properties of [±45]2s SP288/AS graphite/epoxy

and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained by testing rings under
dynamic internal pressure using a 1.56 g mixture of pistol powder, KCZO4 , and

aluminum dust in the pressure chamber of the fixture.

Strain and strain derivative records for the three graphite/epoxy rings

tested are shown in Figures 4-68 through 4-76 (Specimen Nos. 24-11, 24-12, and
24-13). The corresponding stress-strain curves are shown in Figures 4-77,

4-78, and 4-79. These curves were extrapolated up to the maximum strain

measured in the composite ring (ultimate strain). Results are tabulated in
Table 4-7. The initial strain rates range between 140s and 200s and the

average (secant) rates between 220sl and 440sl. The times to failure range

between 68 ps And 91 lis. The initial and secant moduli of 111.4 GPa (16.15 x

10 6 psi) and 40.3 GPa (5.83 x 1O6 psi), respectively, are much higher than the

J static modulus of 20.4 GPa (2.95 x 106 psi). The secant modulus above was

based on the extrapolated stress-strain curve. The average initial Poisson's

ratio of-0.78 is also higher than the static value of 0.69. The average dy-

namic strength obtained approximately by extrapolation of the stress-strain

{• curve is 927 MPa (134 ksi) which is much higher than the static strength of

224 MPa (32.5 ksi). The average dynamic ultimate str*i, 0.0245 is lower

than the static value of 0.0305.

Strain and strain derivative records for the three hybria rings tested

are shown in Figures 4-80 through 4-88 (Specimen Nos. 23-1, 25-12, and 25-13).

4 The corresponding scress-strain curves are shown in Figures 4-89, 4-90, and
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TABLE 4-7. HIGH STRAIN RATE TENSILE PROPERTIES OF [±4512s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate flodulus (Eoe), Poisscn's

"Number (. ')-, s" GPa (10 psi) Ratio (vpx)

Initial Properties

24-11 200 98.3 !14.25) 0.95

24-12 140 111.8 (16.20) 0.68

24-13 165 124.2 (18.00) 0.72

Secant Properties

24-11 440 23.8 (3.45) 0.90

24-12 330 44.5 (6.45) 0.89

24-13 220 52.4 (7.60) 0.69

Terminal Properties

24-11 550 8.6 (1.25) 0.91

24-12 435 26.9 (3.90) 0.99

24-13 260 25.9 (3.75) 0.75

Ultimate Properties

Time to Strength Strain
Failure (so8),
(tf), 1s ~lPa (ksi) (69_T)

24-11 >70 738 (107) 0.0310

24-12 68 1000 (145) 0.0225

24-13 91 1042 (151) 0.0200
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4-91. Results are tabulated in Table 4-8. The initial strain rates range

between 250s" 1 and 300s"I and the average (secant) rates between 550s'1 and

"560s"1. The times to failure range between 52 Us and 70 jis.

The initial dynamic modulus of 50.8 GPa (7.37 x 106 psi) is much higher

than the static modulus of 21.5 GPa (3.12 x 106 psi). The average Poisson's

ratio (Initial and secant) of 0.76 is slightly higher than the static value

of 0.74. The average dynamic strength of 711 MPa (103 ksi) is much higher

than the static strength of 191 MPa (28 ksi). The average dynamic ultimate

strain, based on the larger recorded values in each specimen, of 0.0353 is

also higher than the highest static value recorded (0.0265). It should be

noted that the static value for strength and ultimate strain a-e lower bounds

since the specimens could not be tested to ultimate failure.

4.5 C±6032s LAMINATES

High strein rate tensile properties of [±6012s SP288/AS graphite/epoxy

and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained in a similar manner

as before.

Strain and strain derivative records for the three graphite/epoxy rings

tested are shown in Figures 4-92 through 4-100 (Specimen Nos. 22-6, 22-7, and

22-8). The corresponding stress-strain curves are shown in Figures 4-101,

4-102, and 4-103. Results are tabulated in Table 4-9. The initial strain

rates range between 220s' and 280s" and the average (secant) rates between

307sl and 398s"1. The times to failure range between 41 Vs and 44 ps. The

initial and secant moduli of 45.5 GPa (6.59 x 106 psi) and 34.6 GPa (5.02 x

106 psi), respectively, are much higher than the static modulus of 13.4 GPa

(1.95 x 106 psi). The average secant Poisson's ratio of 0.34 is only slightly

higher than the static value of 0.32. The average dynamic strength of 511 MPa

(74 ksi) is much higher than the static strength of 105 MPa (15.2 ksi). The

average dynamic ultimate strain of 0.0145 is higher than the static value of

0.0120.

Strain and strain derivative records for the three hybrid rings are shown

in Figures 4-104 through 4-112 (Specimen Nos. 23-2, 23-4, and 23-6). The

corresponding stress-strain curves are shown in Figures 4-113, 4-114, and

4-115. Results are tabulated in Table 4-10. The initial strain rates range
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" TABLE 4-8. HIGH STRAIN RATE TENSILE PROPERTIES OF [±4532s
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (EGO), Poisson's

Number (too), s-, GPa (10 psi) Ratio (vex)

Initial Properties

25-1 1 280 43.1 (6.25) 0.85

25-12 300 59.3 (8.60) 0.73

25-13 250 50.0 (7.25) 0.69

Secant Properties

25-11 555 19.1 (2.77) 0.96

25-12 560 22.9 (3.32) 0.56

25-13 550 19.0 (2.75) 0.80

Terminal Properties

25-11 1000 4.1 (0.60) 0.59

25-12 800 6.6 (0.95) 0.63

25-13 760 3.7 (0.53) 0.59

Ultimate Properties

Time to Strength Strain
Failure (SeelT), u
Lt f ~l-As MPa ksi) ( T

25-11 70 745 (108) 0.0390

25-12 52 662 (96) 0.0290

25-13 69 725 (105) 0.0380
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TABLE 4-9. HIGH STRAIN RATE TENSILE PROPERTIES OF [160]2s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Mtodulus (Ee8), Poisson's

Number (tee), s"_ GPa (10' psi) Ratio (VNx)

Initial Properties

22-6 280 46.1 (6.68) 0.50

22-7 220 43.1 (6.25) 0.45

22-8 250 47.3 (6.85) 0.50

Secant Properties

22-6 398 37.8 (5.47) 0.32

22-7 307 27.3 (3.96) 0.33

22-8 320 38.8 (5.62) 0.36

Terminal Properties

22-6 640 28.6 (4.15) 0.34

22-7 520 17.3 (2.58) 0.35

22-8 480 31.2 (4.52) 0.34

Ultimate Properties

Time to Strength Strain
Failure(S ) u

(tfILI . M(COOT)

22-6 41 621 (90) 0.0163

22-7 44 367 (53) 0.0135

22-8 43 543 (79) 0.0138
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TABLE 4-10. HIGH STRAIN RATE TENSILE PROPERTIES OF [±6012s
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (Eee), Poisson's

Number (40), s"1 GPa (10' psi) Ratio (Vox).

Initial Properties

23-2 140 45.2 (6.55) 0.32

23-4 270 56.4 (8.17) 0.39

23-6 250 42.4 (6.15) 0.30

Secant Properties

23-2 200 52.9 (7.67) 0.31

23-4 288 47.4 (6.87) 0.32

23-6 352 41.7 (6.05) 0.24

Terminal Properties

23-2 330 55.5 (8.05) 0.27

23-4 390 34.0 (4.93) 0.28

23-6 600 38.0 (5.50) 0.16

Ultimate Properties

Time to Stren th Strain
Failure 3, (Tu
(tfILf) .S M aOOT)

23-2 51 535 (78) 0.0102

23-4 40 545 (79) 0.0115

23-6 42 618 (89) 0.0148
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between 140s"I and 270s"I and the average (secant) rates between 200s"I and

352s"1 . The times to failure range between 40 Vs and 51 Vs. The initial and

"secant moduli of 48.0 GPa (6.96 x 106 psi) and 47.4 GPa (6.86 x 106 psi),

"respectively, are much higher than the static modulus of 15.2 GPa (2.20 x

106 psi). The average secant Poisson's ratio of 0.29 is exactly equal to the

static value. The average dynamic strength of 566 MPa (82 ksi) is much higher

than the static strength of 94.8 MPa (13.7 ksi). The average dynamic ultimate

strain of 0.0122 is appreciably higher than the static value of 0.0087.

Comparison of the results above with those for the similarly oriented

graphite/epoxy specimens shows that the hybrid specimens have higher dynamic

moduli and strength than the graphite/epoxy specimens. This is contrary to the

trend is static strength values.

4.6 [±67.532s LAMINATES

High strain rate tensile properties of [±67.512s SP288/AS graphite/epoxy

and 80AS/20S/PR288 graphite/S-glass/epoxy were obtained as for the other laminates

before.

Strain and strain derivative records for the three graphite/epoxy rings
tested are shown in Figures 4-116 through 4-124 (Specimen Nos. 26-2, 26-4, and
26-6). The corresponding stress-strain curves are shown in Figures 4-125,

4-126, and 4-127. Resolts are tabulated in Table 4-11. The initial strain

rates range between 200s 1 and 290s"I and the average (secant) rates between

230slI and 310s"l. The times to failure range between 30 us and 44 vs. The

initial and secant moduli of 48.8 GPa (7.07 x 106 psi) and 36.2 GPa (5.24 x

106 psi), respectively, are much higher than the static modulus of 12.0 GPa

(1.74 x 106 psi). The average Poisson's ratio of 0.19 is only slightly higher

than the static value of 0.17. The average dynamic strength of 339 MPa (49 ksi)

is much higher than the static strength of 85.1 MPa (12.3 ksi). The average

dynamic ultimate strain of 0.0096 is somewhat higher than the static value of

0.0081.

Strain and strain derivative records for the three hybrid rings tested

are shown in Figures 4-128 through 4-136 (Specimen Nos. 27-2, 27-4, and 27-6).

The corresponding stress-strain curves are shown in Figures 4-137, 3-138, and
4-139. Results are tabulated in Table 4-12. The initial strain rates range
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TABLE 4-11. HIGH STRAIN RATE TENSILE PROPERTIES OF [±67.5]2s
* SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus 6(E09), Poisson's
Number s GPa (10 psl) Ratio (VNx)

Initial Properties

26-2 290 52.2 (7.56) 0.18

26-4 240 50.9 (7.37) 0.20

26-6 200 43.3 (6.28) 0.13

Secant Properties

26-2 310 36.4 (5.27) 0.19

26-4 270 43.6 (6.32) 0.18

26-6 230 28.5 (4.12) 0.19

Terminal Properties

26-2 350 22.4 (3.25) 0.13

26-4 320 22.9 (3.31) 0.11

26-6 370 23.4 (3,39) 0.37

Ultimate Properties

Time to Stren th Strain
Failure (Se?),
_tf._ MPa Tksi) 60__T)

26-2 30 334 (48) 0.0095

26-4 34 395 (57) 0.0092

26-6 44 289 (42) 0.0102
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"TABLE 4-12. HIGH STRAIN RATE TENSILE PROPERTIES OF [±67.5] 2s
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Miodulus (EeB), Poisson's
Number ss GPa (10 psi) Ratio ( )

Initial Properties

27-2 k8O 45.3 (6.56) 0.26

27-4 204 44.7 (6.48) 0.19

27-6 300 80.2 (11.62) 0.23

Secant Properties
/

27-2 224 54.3 (7.86) 0.21

27-4 204 36.5 (5.29) 0.24

27-6 280 37.3 (5.40) 0.16

Terminal Properties

27-2 180 75.9 (11.00) 0.21

27-4 205 26.9 (3.90) 0.21

27-6 375 22.4 (3.25) 0.08

Ultimate Properties

Time to Strength Strain
Failure (qTsv), Cu

27-2 39 474 (69) 0.0087

27-4 38 280 (41) 0.0078

27-6 30 311 (45) 0.0085
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between 204s' and 300s" and the average (secant) rates between 204s_ and

280s- . The times to failure range between 30 ps and 39 ps. The initial
modulus for Specimen No. 27-6 is excessively high as seen also in the stress-
strain curve of Figure 4-139. In comparing dynamic and static values for the

moduli, the value for Specimen No. 27-6 was not considered. The initial and

secant dynamic moduli of 45.0 GPa (6.52 x 106 psi) and 42.7 GPa (6.18 x 106 psi),

respectively, are much higher than the static modulus of 14.4 GPa (2.08 x
106 psi). The average Poisson's ratio of 0.20 is also higher than the static
value of 0.16. The average dynamic strength of 356 MPa (52 ksi) is much

higher than the static strength of 76.1 MPa (11.0 ksi). The average dynamic
ultimate strain of 0.0083 is higher than the static value of 0.0062.

Comparison of these results with those of the graphite/epoxy specimens
show thdt the hybrid specimens have higher dynamic moduli and strength than

the graphite/epoxy specimens. This is contrary to the trend in static streh~gth

values.

4.7 [±7512, LAMINATES

High strain rate properties of [±7532s SP288/AS graphite/epoxy and
80AS/20S/PR288 graphite/S-glass/epoxy were obtained as for the other laminates

before.

Strain and strain derivative records for the three graphite/epoxy rings
tested are shown in Figures 4-140 through 4-148 (Specimen Nos. 20-2, 20-4, and
20-7). The corresponding stress-strain curves are shown in Figures 4-149,

4-150, and 4-151. Results are tabulated in Table 4-13. The initial strain

rates range between 220s"1 and 245s"I and the average (secant) rates between

253s"I and 286s' 1 . The times to failure range between 29 ps and 30 ps. The
initial and secant dynamic moduli of 45.2 GPa (6.55 x 106 psi) and 36.1 GPa

(5.24 x 106 psi), respectively, are much higher than the static modulus of
11.2 GPa (1.63 x 106 psi). It was difficult to obtain reliable values for

dynamic Poisson's ratio because of the large scatter in the transverse strain

data. The average dynamic strength of 290 MPa (42 ksi) is much higher than
the static strength of 75 MPa (10.8 ksi). The average dynamic ultimate strain

of 0.0081 is slightly higher than the static value of 0.0076.
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TABLE 4-13. HIGH STRAIN RATE TENSILE PROPERTIES OF [±7512s
SP288/AS GRAPHITE/EPOXY

- Specimen Strain Rate Modulus (EGO), Po1~son's

Number (Ceg), s- GPa (106 psi) PtiO (VNx)

Initial Properties

20-2 220 43.3 (6.28) -

20-4 245 54.7 (7.93) -

20-7 225 37.6 (5.45) -

Secant Properties

20-2 277 36.6 (5.30) 0.18

20-4 253 38.1 (5.53) -

20-7 286 33.6 (4.87) 0.12

Terminal Properties

20-2 320 30.5 (4.42) -

20-4 295 26.6 (3.85) -

20-7 330 32.1 (4.65) -

Ultimate Properties

Time to Strength Strain
Failure (See I F)u

MPa ksi) -60T)

20-2 30 304 (44) 0.0083

20-4 30 290 (42) 0.0076

20-7 29 278 (40) 0.0083
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Strain and strain d.rivative records for the three hybrid rings tested

are shown in Figures 4-152 through 4-160 (Specimen Nos. 21-2, 21-4, and 21-6).

4 The corresponding stress-strain curves are shown in Figures 4-161, 4-162, and

* 4-163. Results are tabulated in Table 4-14. The initial strain rates range

between 140s 1 and 260s'l and the average (secant) rates between 215s"I and

290s-1. The times to failure range between 24 us and 27 11s. The initial

and secant moduli of 45.1 GPa (6.53 x 1O6 psi) and 35.1 GPa (5.09 x 106 psi).

respectively, are much higher than the static modulus of 15.5 GPa (2.25 x

106 psi). It was difficult to obtain reliable values for dynamic Poisson's

ratio, because of the large scatter in the transverse strain data. The average

dynamic strength of 223 MPa (32 ksi) is much higher than the static strength

of 61.4 GPa (8.9 x 106 psi). The average dynamic ultimate strain of 0.0066

is also higher than the static value of 0.0047.
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TABLE 4-14. HIGH STRAIN RATE TENSILE PROPERTIES OF [±7512i
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (EBB), Poisson's

"Number ( s- GPa (104 psi) Ratio (Vex)

Initial Properties

21-2 250 46.6 (6.75) -

21-4 140 56.2 (8.14) 0.03

21-6 260 32.4 (4.70) -

Secant Properties

21-2 263 31.8 (4.61)

21-4 215 46.5 (6.74) 0.017

21-6 290 27.0 (3.91) 0.02

Terminal Properties

21-2 280 16.8 (2.43)

21-4 230 42.0 (6.08)

21-6 375 18.4 (2.66)

Ultimate Properties

Time to Strength Strain
Failure (SOOT)(
Lt f ()tf,-S MPa ksi). lT)

21-2 27 214 (31) 0.0071

21-4 27 270 (39) 0.0058

21-6 24 186 (27) 0.0069
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5. SUMMARY AND CONCLUSIONS

Methods developed and described in Part I of this report were applied to

the characterization of angle-ply laminates. Two material systems, SP288/AS
graphite/epoxy and 80AS/20S/PR288 graphite/S-glass/epoxy, were characterized

in uniaxial tension at three strain rates, ranging from quasi-static to over

500s1. Laminate ring specimens of [±1512s, [±22.512s, (±30)2s, [±4532s,
(±6012s, [±67.5)2s, and (±7512s layups were loaded under internal pressure.

Results were obtained and presented in the form of stress-strain curves to

failure. Properties determined included moduli, Poisson's ratios, strength,

and ultimate strain.

In many cases the dynamic stress-strain curves show irregularities. This

is a result of a magnification effect of some small experimental scatter and

possibly electronic noise effects in the strain data. Small deviations in the

recorded strain data can have a large influence on the strain rate and strain

acceleration. The terms including strain acceleration effects can be a sub-

stantial portion of the computed effective stress. No meaningful observations

could be made of the failure patterns because the specimens were shattered in-
to many small pieces under the dynamic loading used.

Average results for all specimens tested are tabulated in Tables 5-1
through 5-14. The effect of strain rate varies with layup, being lowest for
the fiber dominated [±l512s laminates and highest for the matrix dominated
[±7532s laminates. The initial and secant moduli show small increases with

strain rate for the [±l512s layup. The average increase with strain rate for
the secant modulus increases from 10% for the C±1532s layup to over 200% for

the [±7512s laminates. The highest strength increments over the static values

vary from approximately 14% for the [±15)2s layup to 275% for the [±7532s layup.

The ultimate strains in general do not show any significant trends with strain

rate for all layups. In six of the fourteen types of specimens tested the

ultimate strains at the various strain rates were within ±10% of the mean valte.

In five other groups of specimens the ultimate strain variations were within
±20% of the mean. In the case of the two [±4512s groups the results were not

conclusive because only lower bounds were obtained for the static ultimate

strain.
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TABLE 5-1. HIGH STRAIN RATE TENSILE PROPERTIES OF [±1512s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (EOD). Poisson's
Numbers (to.ol), s 1  GPa (10, psi) Ratio (vex)

Initial Properties

35-1,3,5 1 x 104 105 (15.2) 0.86

35-7,10,11 16 121 (17.5) 0.80

35-2$4,6 190 113 (16.4) 0.76

Secant Properties

35-1,3,5 1 x 10"4 105 (15.3) 1.00

35-7,10,11 44 122 (17.8) 0.81

35-2,4,6 224 118 (17.1) 0.84

Terminal Properties

35-1,3,5 1 x 10-4 106 (15.4) 1.22

35-7,10,11 101 147 (21.3) 0.67

35-2,4,6 273 112 (16.2) 0.71

UItimateProperties

Time to Strength Strain
Failure (S. ), u

LLAfiLJs MPa jksi) 6T
35-1,3,5 1 x 108 823 (119) 0.0078

35-7,10,11 199 1049 (152) 0.0086

35-2,4,6 40 1029 (149) 0.0088
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TABLE 5-2. HIGH STRAIN RATE TENSILE PROPERTIES OF [±"]2s
8OAS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (EQB), Poisson's

Number$ S" GPa (10 psi) Ratio (Vex)

Initial Properties

36-1,3,5 1 x 10O4 95 (13.7) 0.68

36-6,10,11 17 104 (15.1) 0.44

36-2,4,7 140 133 (19.3) 0.88

Secant Properties

36-1,3,5 1 x 10-4 95 (13.8) 0.75

36-6,10,11 43 95 (13.7) 0.50

36-2,4,7 194 101 (14.7) 0.92

Terminal Properties

36-1,3,5 1 x 10-4 95 (13.7) 0.86

36-6,10,11 212 91 (13.2) 0.51

36-2,4,7 245 50 ( 7.2) 1.08

Ultimate Properties

Time to Strength Strain

Failure (Sok ). (CTu

M41ajjs jL S e 8T)

36-1,3,5 1 x 108 806 (117) 0.0085

°i36-6,10,1l 240 967 (140) 0.01 03

36-2,4,7 43 837 (121) 0.0083
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TABLE 5-3. HIGH STRAIN RATE. TENSILE PROPERTIES OF C±22.512s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus.(4 08). Poisson's

Number _(te), s-, GPa (10 psl- Ratio (Vex)

Initial Properties

33-1,3,5 1 x 104 81.4 (11.8) 1.18

33-10,11,13 17 78.4 (11.4) 1.21

33-4,6,7 138 131.7 (19.1) 1.57

Secant Properties

33-1,3,5 1 x 10- 75.2 (10.9) 1.25

33-10,11,13 45 84.0 (12.2) 1.22

33-4,6,7 197 93.4 (13.5) 1.22

Terminal Properties

33-1,3,5 1 x 10-4 70.7 (10.2) 1.44

33-10,11,13 137 67.6 (9.8) 1.23

33-4,6.7 287 62.4 ( 9.0) 1.35

Ultimate Properties

Time to Strength StrainFailure (so (Cu

(tf)_•_li.s MPa (ks i) 08T)

33-1,3,5 1 x 108 773 (112) 0.0103

33-10,11,13 208 771 (112) 0.0093

33-4,6,7 43 790 (115) 0.0084
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TABLE 5-4. HIGH STRAIN RATE TENSILE PROPERTIES OF [±22.5]2
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY s

Specimen Strain Rate Modulus (E68), Poisson's
Numbers (te), s-' GPa (10 psI) Ratio (Vox)

Initial Properties

34-1,3,5 1 x 1 0-4 68.5 ( 9.9) 0.83

34-2,10,11 17 75.7 (11.0) 1.11

34-4,6,7 133 126.1 (18.3) 0.98

Secant Properties

34-1,3,5 1 x 10- 4  63.0 ( 9.1) 0.98

34-2,10,11 47 72.3 (10.5) 1.02

34-4,6,7 217 76.5 (11.1) 0.97

Terminal Properties

34-1,3,5 1 x 10- 57.4 ( 8.3) 1.12

34-2,10,11 206 70.2 (10.2) 1.28

34-4,6,7 296 35.4 ( 5.1) 1.02

Ultimate Properties

Time to Strength Strain
Failure (Se (Eu
Ltf• MPa s) 681)

34-1,3,5 1 x 108 653 ( 95) 0.0104

34-2,10,11 227 753 (109) 0.0104

34-4,6,7 45 731 (106) 0.0095
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TABLE 5-5. HIGH STRAIN RATE TENSILE PROPERTIES OF [t30]2s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Mlodulus (E66), Poisson's

Numbers ( s-), s1 GPa (106 psi) Ratio (Vox)

Initial Properties

28-1,3,5 1 x 10-4 586 (8.50) 1.25

28-2,12,13 8 48.4 (7.02) 1.01

28-9,10,11 220 85.7 (12.4) 1.22

Secant Properties

28-1,3,5 1 x 10-4 43.3 (6.28) 1.50

28-2,12,13 58 44.7 (6.48) 1.17

28-9,10,11 297 49.8 (7.2) 1.20

Terminal Properties

28-1,3,5 1 x 10"4 34.1 (4.94) 1.75

'8-2,12,13 179 38.0 (5.50) 1.33

28-9,10,11 428 35.2 (5.1) 1.16

Ultimate Properties

Time to Stren th Strain
Failure (Seo I )' u_____(EBeT )
(tf), •s MPa ksi)

28-1,3,5 1 x 108 566 (82) 0.0132

28-2,12,13 223 571 (83) 0.0128

28-9,10,11 45 660 (96) 0.0033

a,5
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TABLE 5-6. HIGH STRAIN RATE TENSILE PROPERTIES OF [t30)2s
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus,(EaB), Poisson's

Numbers (088), s-' GPa (10 psi) Ratio (Vex)

Initial Properties

* 29-1,3,5 1 x 10" 44.9 ( 6.51) 1.26

54-2,3,5 17 43.5 ( 6.31) 1.11

29-10,11,12 207 93.5 (13.60) 1.12

K p- Secant Properties

29-1,3,5 1 x 10-4 36.2 ( 5.25) 1.33

54-2,3,5 72 41.9 ( 6.07) 1.23

29-10,11,12 324 51.5 ( 7.50) 1.06

Termina1 Properties

29-1,3,5 1 x 10- 4  29.9 ( 4.33) 1.55

54-2,3,5 292 41.7 ( 6.04) 1.43

29-10,11,12 440 43.0 ( 6.30) 1.51

Ultimate Properties

Time to Stren th Strain
Failure (see ? (ET
tf.L3L MPa (ksi) GOT)

29-1,3,5 2 x 108 503 ( 73) 0.0141

54-2,3,5 201 611 ( 89) 0.0144

29-10,11 ,12 42 690 (100) 0.0135
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TABLE 5-7. HIGH STRAIN RATE TENSILE PROPERTIES OF (±4532s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Eee), Poisson's

Number (too), s-, GPa (10 psi) Ratio (vex)

Initial Properties

24-1,3,5 1 x 10-4 20.4 (2.95) 0.69

24-10,
52-2,3,4 14 19.1 (2.77) 0.90

24-11,12,13 168 111.4 (16.15) 0.78

Secant Properties

24-10,
52-2,3,4 85 17.6 ( 2.55) 0.80

24-11,12,13 330 40.3 ( 5.83) 0.88

Terminal Properties

24-10,
52-2,3,4 359 11.5 ( 1.66) 0.85

24-11,12,13 415 20.4 ( 2.97) 0.88

Ultimate Properties

Time to Stren th Strain
Failure (S10o )Lt f I-y MPa ksi) 69(•T)

24-1,3,5 3 x 108 >224 (32.5) >0.0305

24-10,
52-2,3,4 329 494 (72) 0.0279

24-11,12,13 >76 927 (134) 0.0245
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TABLE 5-8. HIGH STRAIN RATE TENSILE PROPERTIES OF (±4532s
80AS/20S/PR288 GRAPHITE/S-GLA;S/EPOXY

Specimen Strain Rate Modulus (ET08 ), Poisson's

Numbers (008) s", GPa (10 psl) Ratio (Vex)

Initial Properties

25-1,3,5 1 x 1O"4 21.5 (3.12) 0.74

25-9,
53-1,4,5 17 21.1 (3.06) 0.77

25-11,12,13 277 50.8 (7.37) 0.76

Secant Properties

25-9,
53-1,4,5 111 13.7 (1.99) 0.68

25-11,12,13 555 20.3 (2.95) O"77

Terminal Properties

25-9,
53-1,4,5 358 11.2 (1.62) 0.67

25-11,12,13 853 4.8 (0.69) 0.60

Ultimate Properties

Time to Stren gth Strain
Fallu-e ( eq ? u(Le6T)

25-1,3,5 3 x lO8 >191 (27.7) >0.0265

53-1,4,5 255 371 (54) 0.0270

25-11,12,13 64 711 (103) 0.0353
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TABLE 5-9. HIGH STRAIN RATE TENSILE PROPERTIES OF [± 6 032s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (40s), Poisson's
Numbers 086), s-, GPa (10' psi) Ratio (vex)

Initial Properties

-4
22-1,3,5 1 x 10-4 14.0 (2.03) 0.32

22-9,10,11 22 23.0 (3.34) 0.25

22-6,7,8 250 45.5 (6.59) 0.48

Secant Properties

22-1,3,5 1 x 10" 9.1 (1.32) 0.34

22-9,10,11 60 13.9 (2.01) 0.39

22-6,7,8 342 34.6 (5.02) 0.34

Terminal Properties

22-1.3,5 1 x 10- 5.6 (0.82) 0.33

22-9,10,11 166 12.1 (1.75) 0.37

22-6,7,8 547 25.7 (3.75) 0.34

Ultimate Properties

Time to Strength Strain
Failure (Sea) uL t f l.a_.P-s M •'ki) 60TO)

22-1,3,5 1 x 108 IG5 (15.2) 0.0116

22-9,10,11 226 182 (26.4) 0.0134

22-6,7,8 43 511 (74) 0.0145
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TABLE 5-10. HIGH STRAIN RATE TENSILE PROPERTIES OF [±66032s
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (4B). Poisson's

Numbers (tee), s-, GPa (10. psi) Ratio NO

Initial Properties

23-1,3,5 1 x 10"4 18.2 (2.64) 0.30

23-7,10,11 26 24.7 (3.58) 0.24

23-2,4,6 220 48.0 (6.96) 0.34

Secant Properties

23-1,3,5 1 x 10-4 11.2 (1.62) 0.33

23-7,10,11 59 13.9 (2.01) 0.38

23-2,4,6 280 47.4 (6.86) 0.29

Terminal Properties

23-1,3,5 1 x 10-4 7.2 (1.05) 0.36

23-7,10,11 165 9.9 (1.44) 0.35

23-2,4,6 440 42.5 (6.16) 0.24

Ultimate Properties

Time to Strength Strain
Failure (Seeu),

Lt fILPS MPa (ksi) 68T)

23-1,3,5 1 x 108 94.8 (13.7) 0.0085

23-7,10,11 195 155.5 (22.5) 0.0112

23-2,4,6 44 566 (82) 0.0122
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TABLE 5-11. HIGH STRAIN RATE TENSILE PROPERTIES OF [±67,51.h
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (Ee0 ), Poisson's
Numbers (46), s"' GPa (106 psi) Ratio (V~x)

Initial Properties

26-1,3,5 1 x 10-4 12.0 (1.74) 0.17

26-10,11,13 26 17.3 (2.51) 0.15

26-2,4,6 243 48.8 (7.07) 0.17

Secant Properties

26-1,3,5 1 x lO"4 10.5 (1.52) 0.17

26-10,11,13 73 12.8 (1.86) 0.18

26-2,4,6 270 36.2 (5.24) 0.19

Terminal Properties

26-1,3,5 1 x 1O"4 8.7 (1.26) 0.17

26-10,11,13 167 8.5 (1.23) 0.20

26-2,4,6 347 22.9 (3.32) 0.20

Ultimate Properties

Time to Strength Strain
Failure (Seel).LtfL-P- MPa (ksD) (68T)

26-1,3,5 1 x 108 85.1 (12.3) 0.0081

26-10,11,13 142 132.2 (19.2) 0.0103

26-2,4,6 36 339 (49) 0.0096
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TABLE 5-12. HIGH STRAIN RATE TENSILE PROPERTIES OF (±67.5)2S
80AS/20S/Pre'88 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (EGO), Poisson's

Numbers (too), s GPa (10& psi) Ratio (Vex)

Initial Properties

27-1,3,5 1 x 10-4 14.4 (2.08) 0.16

27-10,11,13 32 20.3 (2.94) 0.13

27-2,4,6 261 45.0 (6.52) 0.23

Secant Properties

27-1,3,5 1 x 10-4 12.4 (1.79) 0.17

27-10,11,13 61 15.7 (2.28) 0.14

27-2,4,6 236 42.7 (6.18) 0.20

Terminal Properties

27-1,3,5 1 x 10-4 9.9 (1.43) 0.17

27-10,11,13 134 13.9 (2.02) 0.20

27-2,4,6 253 41.7 (6.05) 0.17

Ultimate Properties

Time to Strength Strain
Failure (Se ) ,E
Lt fIL-_• MPa jksi) 69T)

27-1,3,5 1 x 108 76.1 (11.0) 0.0062

27-10,11,13 144 136.6 (19.8) 0.0087

27-2,4,6 36 356 (52) 0.0083
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TABLE 5-13. HIGH STRAIN RATE TENSILE PROPERTIES OF [±75)2s
SP288/AS GRAPHITE/EPOXY

Specimen Strain Rate Modulus (ESO), Poisson's

Numbers (too), s-, GPa (10' psi) Ratio (Vex)

Initial Properties

20-1,3,5 1 x 10- 4 12.1 (1.75) 0.09

20-12 19 19.7 (2.b6)

20-2,4,7 230 45.- (6.55)

Secant Properties

20-1,3,5 1 x 10-4 10.0 (1.46) 0.08

20-12 45 10.9 (1.58) 0.04

20-2,4,7 272 36.1 (5.24) 0.15

Terminal Properties

20-1,3,5 1 x 10-4 7.9 (1.14) 0.06

20-12 132 6.0 (0.87) 0.08

20-2,4,7 315 29.7 (4.31) -

Ultimate Properties

Time to Strength Strain
Failure (S )

.f LJ.- MPa jksi) 69T)

20-1,3,5 1 x 108 74.8 (10.8) 0.0075

20-12 201 98.3 (14.2) 0.0090

20-2,4,7 30 290 (42) 0.0081
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TABLE 5-14. HIGH STRAIN RATE TENSILE PROPERTIES O [±7512s
80AS/20S/PR288 GRAPHITE/S-GLASS/EPOXY

Specimen Strain Rate Modulus (E09), Poisson's

4 Numbers (c 8 ), s"' GPa (10' psi) Rat'9 (V.•x

Initial Properties

21-1,5 1 x 10-4 15.5 (2.25) 0.10

21-10,11 ,12 34 16.9 (2.45) -

21-2,4,6 217 45.1 (6.53) 0.03

Secant Properties

21-1,5 1 x 10- 4  14.0 (2.03) 0.06

21-10,11,12 64 13.4 (1.94) 0.04

21-2,4,6 223 35.1 (5.09) 0.02

Terminal Properties

21-1,5 1 x 10-4 11.0 (1.59) 0.11

21-10,11,12 116 11.7 (1.69) 0.11

21-2,4,6 295 25.7 (3.72) -

Ultimate Properties

Time to Strength Strain
Failure (So (EOT)
(tfALJks MPa 69T)

21-1,5 1 x 108 61.4 ( 8.9) 0.0047

21-10,11,12 110 94.9 (13.8) 0.0070

21-2,4,6 26 223 (32) 0.0066
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